(Et 4 N) 3 Fe 2 F 9 exhibits a butterfly-shaped hysteresis below 5 K when the magnetic field is parallel to the threefold axis, in accordance with a very slow magnetization relaxation in the timescale of minutes. This is attributed to an energy barrier ∆ = 2.40 K resulting from the S = 5 dimer ground state of [Fe 2 F 9 ] 3− and a negative axial anisotropy. The relaxation partly occurs via thermally assisted quantum tunneling. These features of a single-molecule magnet are observable at temperatures comparable to the barrier height, due to an extremely inefficient energy exchange between the spin system and the phonons. The butterfly shape of the hysteresis arises from a phonon avalanche effect.
Introduction
The discovery of macroscopic quantum spin tunneling and molecular magnetic hysteresis at cryogenic temperatures in the spin cluster compounds [Mn 12 O 12 (OAc) 16 (tacn = 1,4,7-triazacyclononane) (Fe 8 ), [5] and various Mn 4 clusters [Mn 4 O 3 X (OAc) 3 (dbm)3] (dmb − = dibenzoylmethanate, X = F, Cl, Br, OAc) (Mn 4 ) [6, 7] has revitalized the field of molecular magnetism. Chemists have joined forces with physicists in an attempt to fully characterize and understand the new phenomena and to develop strategies to design and prepare other members of this new family of single molecule magnets (SMMs). So far a number of further SMMs have been discovered, mostly by means of ac susceptibility, among them several manganese clusters, [8] [9] [10] [11] as well as tetranuclear vanadium [12] and iron [13] complexes. All these compounds contain clusters with at least four paramagnetic centers.
Here we report low-temperature magnetic properties of (Et 4 N) 3 Fe 2 F 9 (Fe 2 ), which clearly show effects of slow relaxation and quantum tunneling. To our knowledge the [Fe 2 F 9 ] 3− dimer is the smallest exchange-coupled unit so far to exhibit this type of phenomenon.
Experimental
(Et 4 N) 3 Fe 2 F 9 was prepared as small needle-shaped crystals according to ref. [14] .
The product was characterized by X-ray powder diffraction using the struc-tural information from ref. [15] . Magnetic measurements were performed using a Superconducting Quantum
Interference Device (SQUID) magnetometer (Quantum Design MPMS-XL-5 with a 5 T (50 kG) magnet), with the magnetic field H parallel and perpendicular to the crystallographic c axis.
Results
The single-crystal magnetic susceptibility is shown for H c and H ⊥ c orientations in Fig. 1 . Below 25 K it is highly anisotropic, and was fitted using the spin Hamiltonian 
At H z = 0 the obtained parameter values are τ 0 = 70 s and ∆E = 2.2 K, corresponding to τ = 238 s at 1.8 K. 
Analysis and Discussion
Except for the butterfly hysteresis, the low-temperature magnetization curves in This distinctly different behavior from other SMMs is due to the combination of two facts: i) the thermal barrier in Fe 2 does not exceed the barrier for tunneling processes by more than a factor of 1.6; and ii) the tunneling is phonon assisted and thus slowed down by an extremely slow energy exchange between the spin system and the phonon bath. This latter effect will now be analyzed.
The prefactor τ 0 = 70 s obtained from the Arrhenius analysis of the relaxation dynamics at H z = 0 is unusually large, 7 − 11 orders of magnitude larger than in Mn 12 [1] [2] [3] [4] and other SMMs [5, 6, [8] [9] [10] [11] [12] [13] . It is much larger than the timescale of ac magnetic susceptibility measurements, which are usually used to characterize and quantify the relaxation behavior in SMMs. Only due to this extremely high τ 0 value are we able to observe a slow relaxation phenomenon Fig. 5 , the magnetization in Fe 2 can relax both by thermal activation over the energy barrier (full arrows) and by tunneling between the M S = −3/+3 levels (dashed arrows). Both mechanisms rely on an interaction between the spin system and the crystal lattice degrees of freedom, i.e. on spin-phonon coupling. In this process, energy quanta corresponding to the energy differences between adjacent spin levels are exchanged between the spin system and the phonon bath. The extremely large τ 0 in Fe 2 results from an extreme inefficiency of these processes below 5 K, and this can be ascribed to the following two factors: a small spin-phonon coupling parameter g 0 and a small density of phonon states in resonance with the energy spacings in Fig. 5 . Quantitatively, the rate constant of a ∆M S = ±1 transition induced by phonon absorption or emission can be expressed as: [19] 
where
The number of phonons involved in the process depends on their energy (ε M S ±1 − ε M S ) and the energy distribution of the density of states, expressed by the sound velocity v in eq. 3, the mass density ρ = 1.36 g/cm 3 [15] and the Bose population factor (e (ε M S ±1 −ε M S )/kT − 1). [19] We note that (ε The magnetization data shown in Fig. 4 obtained with Γ ≈ 150 G/s exhibit a very fast reversal of the magnetization around H z = 0. We ascribe this to a so-called phonon avalanche, [20] arising from a resonance of phonon absorption on one side of the barrier with phonon emission on the other side. A similar phenomenon has been observed in Mn 12 at H z = 0, induced by heat pulses [17] or extremely high sweeping rates. [23] The butterfly shape of the hysteresis in Fe 2 is very similar to that reported for K 6 
in the latter system it has been attributed to a phonon bottleneck arising from dissipative spin reversal in the absence of an energy barrier. Our results show that a butterfly-shaped hysteresis can also occur in the presence of a barrier.
Due to the phonon avalanche in Fe 2 , the reversal of the magnetization at H z = 0 is a much faster process than its relaxation to equilibrium. The smaller the sweeping rate Γ in the magnetization experiment, the closer is the system to equilibrium, as is nicely demonstrated by the decrease of the butterfly hysteresis with Γ in Fig. 2 . After a fast (Γ ≈ 150 G/s) reduction of H z to 0, the system is therefore still out of equilibrium at the beginning of the relaxation measurement. Since its reversal is so fast, the magnetization then overshoots,
i.e. it becomes slightly negative, before it relaxes to its adiabatic value. Therefore there is an observable negative magnetization relaxation at H z = 0, see 
